The influence of oxygenated hydrocarbons as additives to diesel fuels on ignition, NOx emissions and soot production has been examined using a detailed chemical kinetic reaction mechanism. N-heptane was used as a representative diesel fuel, and methanol, ethanol, dimethyl ether and dimethoxymethane were used as oxygenated fuel additives. It was found that addition of oxygenated hydrocarbons reduced NOx levels and reduced the production of soot precursors. When the overall oxygen content in the fuel reached approximately 25% by mass, production of soot precursors fell effectively to zero, in agreement with experimental studies. The kinetic factors responsible for these observations are discussed.
Introduction
Emission standards for diesel engines used in vehicles have been steadily reduced in recent years, and a great deal of research and development effort has been focused on reducing particulate and nitrogen oxide emissions, as shown in Figure 1 . One promising approach to reducing emissions involves the addition of oxygen to the fuel, generally by adding an oxygenated compound to the normal diesel fuel. Miyamoto et al. [1] have shown that particulate levels can be significantly reduced by adding oxygenated species to the fuel. They found the Bosch smoke number (a measure of the particulate or soot levels in diesel exhaust) falls from about 55% for conventional diesel fuel to less than 1% when the oxygen content of the fuel is above about 25% by mass.
Addition of oxygenates to automotive fuel, including both diesel fuel as well as gasoline, clearly reduces NOx and CO emissions by reducing flame temperatures. This is the basis for addition of oxygenates to produce reformulated gasoline in selected portions of the country. Of course, this is also accompanied by a slight reduction in fuel economy.
Recently, a new overall picture of diesel combustion has been developed [2] , in which a series of laser and other diagnostic studies identified several stages in diesel combustion that had not previously been recognized. These stages are shown in Figures 2 and 3. In Fig. 2 the time evolution of the diesel spray is shown, beginning as a liquid jet that vaporizes and entrains hot air in the combustion chamber, leading eventually to ignition. The relatively steady period of jet combustion is shown in Fig. 3 , which continues as long as fuel is being injected. In particular, Dec has shown that the fuel spray vaporizes and mixes with air and products of earlier combustion to provide a fuel-rich region in which a gas phase, premixed rich burn occurs. The products of this ignition are then observed experimentally to lead rapidly to formation of soot particles, which subsequently are consumed in a diffusion flame.
Recently, Flynn et al. [3] used a chemical kinetic model to study the premixed, rich ignition process. Using n-heptane as the representative diesel fuel, they showed that addition of methanol to the fuel reduced the concentrations of a number of hydrocarbon species in the products of the rich ignition. Specifically, methanol addition reduced the total concentrations of acetylene, ethylene and 1,3-butadiene, as well as propargyl and vinyl radicals, in the ignition products. These are the same species shown in a number of studies [4] [5] [6] to be responsible for formation of aromatic and polycyclic aromatic species in flames, species which lead eventually to production of soot.
At least two hypotheses have been advanced to explain the role that oxygenated species play in diesel ignition and the reduction in the concentrations of these species. The first is that the additive, methanol in the case of Flynn et al., does not contain any C -C bonds and cannot then produce significant levels of the species such as acetylene, ethylene or the unsaturated radicals which are known to lead to aromatic species. The second hypothesis is that the product distribution changes very naturally as oxygen is added and the overall equivalence ratio is reduced. In the present study, we repeat the ignition calculations of Flynn et al. and add a number of other oxygenated species to determine which of these theories is more applicable to this model.
Chemical Kinetic Model
As done by Flynn et al., we focus on the zero-dimensional ignition of a mixture of hydrocarbons with air. As shown in Figure 3 , the liquid fuel jet has entrained considerable amounts of hot, compressed air, as well as hot combustion products from the diffusion flame. The cooler vaporized fuel is heated as its equivalence ratio is reduced, and this continuous mixing of fuel, air and reaction products is treated by the model as a stirred reactor in which the fuel vapor is steadily modified by the air and reaction products. Eventually, the fuel/air/product mixture burns, and the model indicates that this occurs at a local equivalence ratio of approximately 3 -4, or very fuel-rich. In the present study, we assume that the rate of mixing and the temperatures of the air and reaction products are all the same as in the baseline case and do not vary from one oxygenate to another. All that is changed in the modeling calculations is the composition, and therefore the kinetics, of the oxygenated additive.
The calculations are carried out using the HCT code [7] , which solves the conservation equations of mass, momentum, energy, and each chemical species. This code has been used in a wide range of computational studies of combustion in laminar flames, flow reactors, static reactors, stirred reactors, shock tubes, and other environments. The key to the model is the reaction mechanism for the fuels being examined.
The basic diesel fuel is represented by n-heptane, which has a cetane number consistent with most realistic diesel fuels. The reaction mechanism for n-heptane has been developed and tested through extensive comparisons between computed and experimental data [8] , and all of the chemical processes important in diesel ignition have been validated for this fuel. The reaction mechanisms for the oxygenated additives have similarly been tested through comparisons with experimental data for methanol [9, 10] , ethanol [11] , and dimethyl ether (DME) [12] . Another oxygenated fuel, dimethoxy methane (DMM), has also been included in this work. The reaction mechanism for DMM has been developed using the same thermochemical and kinetic principles as used to develop the other fuel reaction mechanisms, although the available experimental data are not really sufficient to fully validate the mechanism.
Finally, we have included a few modeling calculations in which the fuel was methyl butanoate, a small example of a large family of so-called biodiesel fuels, consisting of methyl esters. These fuels generally have long alkyl chains with as many as 15 -20 carbon atoms:
However, for our preliminary modeling calculations, we have treated only the case for methyl butanoate, for which R = n-propyl. Experimental studies [13] indicate that this is the smallest methyl ester whose ignition displays a negative temperature coefficient at relatively low temperatures, as noted for many purely hydrocarbon fuels [14] in diesel and spark ignition conditions. Each of these fuels demonstrates a combination of high temperature reactivity and a low temperature peroxide chemistry mechanism [14] . Modeling studies have shown how these mechanisms contribute to ignition behavior, and the reaction mechanisms for all of the fuels in this study, with the exception of methyl butanoate, have been thoroughly validated through comparisons between experimental and computed ignition and combustion events. The mechanism for methyl butanoate is currently being developed and tested.
Ignition Modeling
As noted above, ignition of a fuel spray in a diesel engine is quite complex. Fuel is introduced into the combustion chamber as a liquid jet into a high temperature, highly compressed air charge that has been compressed by the engine piston. The jet vaporizes and mixes with hot compressed air, as well as with hot products of rich ignition, and eventually it ignites. However, unlike a conventional ignition, this ignition is limited by the lack of oxygen, to completely burn its fuel to CO 2 and H 2 O. Instead, this ignition, which occurs at a local equivalence ratio of between ø = 3 and 4, yields a variety of products; the work of Dec [2, 3] has shown that these products lead immediately to soot formation in the diesel engine chamber.
The work of Flynn et al. [3] suggests very strongly that the products of this rich premixed ignition consist of soot precursors, and that the variation in the concentrations of these soot precursors produces the variability in soot production for different fuels. As diesel fuel is steadily replaced by oxygenated species, the post-ignition gases contain reduced concentrations of those species which lead to soot production, and less soot is ultimately produced.
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Computed Results
We have carried out rich, premixed ignition delay calculations for mixtures of nheptane and oxygenates including methanol, ethanol, DMM and DME over a range of initial oxygenate fractions. A limited number of calculations were also carried out for a simple biodiesel molecule methyl butanoate, but these are not reliable until the reaction submechanism for that oxygenated compound is independently validated. We have assumed that the mixing of fuel, air and reaction products is the same in all of the computed cases. In each case the computed results yield a computed ignition delay time and concentrations of selected species that are produced by the rich premixed ignition.
Addition of each of the oxygenated species in this study retarded ignition by a time interval between 0.1 and 0.5 ms. Also, in nearly every case, addition of oxygenated species also reduced the concentrations of the important stable and radical intermediate species. For example, Figure 4 shows the concentrations of ethene during the ignition of n-heptane and of mixtures of n-heptane with each of the major oxygenated additives examined in this study. Addition of extensive fractions of each oxygenate reduces the ethene concentrations by about a factor of 50% as well as delaying the ignition. Similar time histories of other selected radical and stable intermediate species are shown in Figures 5-9 .
We have summed the concentrations of soot precursors including ethylene, acetylene, and propargyl radicals, and the results are shown in Figure 10 . It is clear from these results that the reduction in precursor concentrations is very similar for all of these oxygenated fuel additives. This result is in agreement with the experimental work of Miyamoto et al. [1] who included results for a variety of oxygenated additives.
Note that the results for ethanol addition (ethanol has one C -C bond) follow the same trend as the oxygenated species that do not contain C -C bonds, indicating that the presence or absence of C -C bonds in the oxygenate has no discernable influence on the product distribution for diesel ignition, at least for the fuels in this study.
Discussion
Close examination of the computed histories of each of these ignition histories shows that, when oxygenated hydrocarbons are added to the fuel, the oxygen remains permanently connected to a carbon atom. No elementary reactions are able to break this bond, so the carbon atom is unable to participate in any of the reactions of the small unsaturated species that have been identified as leading to aromatic compounds and soot.
The key to understanding this phenomenon is to realize exactly how much additive is required to provide an oxygen fraction of 25%. In the case of a surrogate diesel fuel such as n-heptane, the molecular weight is 100 (7 carbon atoms and 16 hydrogen atoms), while the molecular weight of methanol is only 32. Thus for a mixture with 25% oxygen by weight, there would have to be approximately 76% methanol and only 24% heptane. If we postulate, based on the kinetic modeling evidence, that none of the carbon atoms in the oxygenated additive are available to participate in aromatic ring formation or growth reactions, largely because they are strongly bonded to O atoms, then the amounts of aromatic precursors should be reduced by about a factor of 4. In actuality, this reduction is not realized in full, as indicated by the species histories in the figures, but the general trend towards reduction in these radical and stable species levels is clear from the computed results.
Conclusions
The model of diesel combustion developed by Dec [2] suggests that some of the products of the rich, premixed ignition are species that lead preferentially to soot production. The present model calculations generally confirm this view, although a great deal of further work is necessary to provide a satisfactory chemical description of soot formation under these conditions. However, current theories and models have been quite successful in understanding the reaction paths for the early parts of this process, namely the cyclization of the smaller fragments into aromatic hydrocarbons with one, two and three rings. The subsequent production of real soot remains a subject for continued study. The present model indicates that when significant fractions of diesel fuel are replaced by oxygenated species, the carbon atoms already bonded to oxygen atoms cannot provide soot precursors, and this process is responsible for the observed results. 
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